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MinireviewCilia and Flagella Revealed: From
Flagellar Assembly in Chlamydomonas
to Human Obesity Disorders
This flow of materials is driven by the IFT machinery.
Flagellar proteins synthesized in the cell body are car-
ried to the tip of the flagellum (the site of assembly of
the axoneme) by IFT particles, which are composed of
at least 17 highly conserved proteins that form A and B
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complexes. The plus end-directed microtubule motor
protein kinesin II is essential for movement of particles
and their cargo toward the tip (anterograde transport)The recent identification in Chlamydomonas of the in-
of the flagellum, and a cytoplasmic dynein carries IFTtraflagellar transport machinery that assembles cilia
particles back to the cell body (retrograde transport).and flagella has triggered a renaissance of interest in
Thus, IFT particles function as constantly moving molec-these organelles that transcends studies on their well-
ular trucks on a closed loop. The tracks they travel oncharacterized ability to move. New studies on several
are the microtubule doublets of the ciliary/flagellar axo-fronts have revealed that the machinery for flagellar
neme, microtubule motors power them, and the individ-assembly/disassembly is regulated by homologs of
ual structural components (e.g., microtubule subunits,mitotic proteins, that cilia play essential roles in sensory
dynein arms, and radial spoke proteins) of the cilium/transduction, and that mutations in cilia/basal body pro-
flagellum are their cargo. Now that the machinery neces-teins are responsible for cilia-related human disorders
sary for assembly of flagella has been characterized,from polycystic kidney disease to a syndrome associ-
identification of the mechanisms that regulate the IFTated with obesity, hypertension, and diabetes.
machinery to bring about assembly/disassembly and
length regulation has become an even more active areaOur view of cilia has changed dramatically in the decade
of research.since Joel Rosenbaum and his colleagues discovered
We know that IFT does not cease when a flagellumparticles rapidly moving (2–4 m/s) up and down within
reaches full length; the number and distribution of IFTthe flagella of the biflagellated green alga, Chlamydomo-
particles in flagella and their velocity are similar whethernas (Kozminski et al., 1993). Once cell biologists identi-
flagella are lengthening, shortening, or are at a steady-fied the cellular machinery responsible for this intrafla-
state length (Kozminski et al., 1993). Qin et al. (2004)gellar transport (IFT), it became clear that IFT is essential
also showed by immunoblotting that the concentrationfor the assembly and maintenance of cilia and flagella
of IFT particles per flagellum (and by inference, the num-in all eukaryotes (Rosenbaum and Witman, 2002). As we
ber of particles per unit length) is the same in full-lengthwill outline in this brief review, the increased focus on
flagella and in flagella induced to shorten by exposingthese organelles has revealed that nearly all mammalian
the cells to an agent that induces flagellar resorption.cells form a cilium, that the ciliary apparatus (a cilium
Using new approaches to study the IFT cycle, Iominiplus its basal body) is somehow connected with cell
et al. (2001) quantified anterograde and retrograde IFTproliferation, and that cilia play key (and as yet poorly
particle movement and also demonstrated that particlesunderstood) roles in development and homeostasis. We
are remodeled at the base and the tip of the flagellum. Towill close the article by highlighting two recent articles
regulate assembly/disassembly and length, therefore,in Cell on the proteome of the flagellum and basal body;
cells could control the proportion of IFT particles that
these articles provide a rich platform for understanding
are loaded with cargo when they enter the flagellar com-
the function of these organelles.
partment and the proportion that are loaded with cargo
Mechanisms for Assembling Basal Bodies when they leave the flagellar tip on their way back to
and Cilia the cell body compartment.
A flagellum is built on a template organelle called the We also know that most of the total cellular IFT parti-
basal body, which is constructed by modifying a centri- cles are in the cell body, and that they accumulate in
ole recruited from a centrosome (or from a pre-existing the region of the basal body where they associate before
basal body) (Figure 1). The nine outer doublet microtu- entering the flagellum with transitional fibers (see refer-
bules on the distal end of the basal body (the transition ences in Rosenbaum and Witman 2002). When the parti-
zone) nucleate assembly of the flagellar axoneme along cles reach the flagellar tip, kinesin II becomes an inactive
with all of the associated protein complexes necessary cargo and cytoplasmic dynein becomes the active mo-
to generate and regulate the doublets’ active sliding that tor. Since neither particles nor their cargo accumulate
underlies motility in motile cilia. As axonemal compo- in the full-length flagella of wild-type cells, the number
nents add at the tip, new membrane and flagellar matrix of particles and the amount of cargo entering must equal
(cytoplasm) move into the organelle, and the flagellum the number of particles and amount of cargo leaving.
lengthens. Rosenbaum and Witman (2002) have specu- Although the well-established results that flagellar com-
lated that transitional fibers, which extend from microtu- ponents undergo significant turnover indicate that cargo
bules of the basal body to the cell membrane, form a is constantly entering and leaving the flagellum (refer-
“flagellar pore,” which regulates flow of flagellar compo- ences can be found in Rosenbaum and Witman [2002]),
nents between the cell body and flagellar compartments. we do not know the proportion of particles entering or
exiting that are carrying cargo.
Figure 2 presents a model for regulation of assembly,*Correspondence: william.snell@utsouthwestern.edu
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Figure 1. Ciliogenesis
Beginning with a centriole, cells construct a basal body, which atta-
ches perpendicularly to the cell membrane through a system of Figure 2. IFT and a “Regulated Cargo Loading” Model
fibers. Underneath a bud of plasma membrane, the doublet microtu-
During flagellar assembly, most of the IFT particles entering the
bules of the transition zone nucleate assembly of the flagellar axo-
flagellar compartment are “cargo-capable.” Concomitant with un-
neme. Formation of the doublet microtubules of the transition zone
loading of cargo at the tip and becoming “cargo-incapable,” the
(called the connecting cilium in modified cilia) probably does not
particles switch motors. In a full-length organelle, only a portion of
require IFT.
the IFT particles entering is cargo-capable. During flagellar disas-
sembly, most or all of the IFT particles entering the flagellum are
cargo-incapable until they reach the tip, where they bind cargo for
disassembly and for regulation of flagellar length. In carrying back to the cell body. This model differs from a previous
model for length control in which cells allocated to each flagellumthis model, the rate of particle entry and the number of
a fixed number of active IFT particles at the beginning of flagellarparticles per unit length are independent of length, and
assembly (Marshall and Rosenbaum, 2001). Cargo binding was notcargo loading is regulated. Thus, in a rapidly growing
regulated and length was determined when the rate of delivery offlagellum (in the extreme case), every particle entering
particles to the tip came into balance with a constant rate of disas-
carries cargo, and every particle returning to the cell sembly at the tip.
body is empty. Once the proper length is attained, length
control mechanisms engage. At this steady-state length,
the number of IFT particles entering and leaving per unit to play roles in cilia. In investigations on regulation of
flagellar length using long flagella (lf) mutants, the Lefeb-time is unchanged, but the proportion of cargo-loaded
IFT particles that enters the flagella comes to equal the vre lab discovered that the protein encoded by the LF4
gene is a novel member of the MAP kinase family. Lf4pproportion of cargo-loaded IFT particles that leaves the
flagellum. In a disassembling flagellum, the situation is is present in flagella and loss of the protein causes
flagella to grow extra long, suggesting therefore that itreversed from that of a growing flagellum, and (in the
extreme case) every particle that enters the flagellum is may be involved in flagellar shortening (Berman et al.,
2003). The products of the several other LF genes mayempty and every particle that leaves the tip is full. Thus,
by regulating cargo binding to particles at both the base be involved in monitoring flagellar length and signaling
the need to restore preset length. More recently, Pan etand the tip, and by controlling of assembly and disas-
sembly of axonemal components at the tip (presumably al. (2004) reported that CALK, a Chlamydomonas mem-
ber of the aurora protein kinase family, regulates flagel-driven by mass action and regulatory proteins), cells
specify assembly/growth, steady-state length, or disas- lar assembly/disassembly. Auroras, which have been
termed mitotic kinases, associate with centrosomes andsembly/resorption.
New studies on Chlamydomonas indicate that homo- kinetochores in many organisms and regulate several
microtubule-dependent processes (see references inlogs of signaling proteins and proteins involved in con-
trol of the mitotic spindle apparatus are key players Pan et al. [2004]). Using RNA interference methods, Pan
et al. showed that CALK was essential for experimentallyin regulating the IFT machinery to control assembly/
disassembly of flagella and to control flagellar length. induced flagellar excision and for the regulated disas-
sembly of flagella that occurs when cells are exposedPedersen et al. (2003) showed that CrEB1, a member of
the microtubule plus end tracking EB1 protein family, is to altered ionic conditions. Related experiments showed
that, although CALK was hypophosphorylated in wild-present at the tips of full-length, growing, and shortening
flagella and also associates with the proximal ends of type cells with full-length flagella, phosphorylation of
the protein was triggered within seconds after flagellarthe basal bodies. CrEB1 was missing in flagellar tips of
a temperature-sensitive flagella-less mutant (fla11) at excision and within minutes after exposure to conditions
that induced flagellar resorption. Moreover, flagella-lessthe restrictive temperature, concomitant with accumula-
tion of IFT particles near the tips. Pedersen et al. pro- mutants with defects in basal bodies or null mutations in
IFT particle proteins contained only the phosphorylatedposed that CrEB1 might promote dynamic instability
at the flagellar tip, which could in turn affect flagellar form of CALK. Pan et al. speculated that CALK is a
cytoplasmic effector of disassembly in a checkpointassembly and turnover rates.
Paralogs of other mitotic proteins have also evolved system that monitors and responds to assembly/disas-
Minireview
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sembly dynamics. The new availability of long-sought Two studies on fertilization in Chlamydomonas dem-
onstrate that even in a pre-existing flagellum, the IFTmethods for quantifying cargo binding to IFT particles
(Qin et al., 2004) along with the characterization of CALK machinery is essential for signal transduction. Pan and
Snell (2002) and Wang and Snell (2003) used the well-and Lf4p should now make it possible to determine if
these protein kinases regulate interactions between IFT studied fla10-1 mutant that has a temperature-sensitive
mutation in the anterograde IFT motor protein kinesinparticles and their cargo.
Cilia and Flagella as Sensory Transducers II to investigate the role of IFT in a signaling pathway
activated when gametes of opposite sex adhere to eachOne of the early surprises from IFT studies was that
C. elegans chemosensory mutants with defects in for- other by their flagella. When fla10-1 cells are transferred
to the restrictive temperature, IFT ceases within 30–40mation of sensory cilia contained mutations in genes
encoding proteins of the IFT system (Cole et al., 1998). min. The flagella remain of essentially normal length and
fully motile for another 50–60 min, thereby providing aIn addition to providing the first demonstration of the
role of IFT in ciliary formation in another organism, these window of time when flagella are present but IFT has
stopped (See references in Rosenbaum and Witmanresults called to the attention of cell biologists the under-
appreciated but hardly insignificant role of cilia in sen- [2002]). Although flagellar adhesion was unaffected
when IFT was arrested, Wang et al. were unable to detectsory transduction. Not only worm cilia, though, are es-
sential for sensing. Humans experience the environment flagellar adhesion-induced activation in fla10-1 gametes
of a flagellar protein tyrosine kinase normally activatedthrough cilia in major sensory organs. The outer seg-
ments of retinal rod cells are modified, nonmotile cilia, by adhesion. Moreover, the 10- to 20-fold increase in
cAMP that normally accompanies flagellar adhesionreplete with photoreceptors for interacting with light;
and the odorant receptors in the olfactory epithelium failed to occur (Pan and Snell, 2002). Thus, IFT was
required either indirectly for maintaining proper levelsare peppered over the surface of the cilia of olfactory
neurons. Moreover, almost every mammalian cell con- in the flagella of proteins in the signaling pathway (the
tyrosine kinase or its substrate) or more directly for link-tains a solitary cilium, called a primary cilium, whose
most likely function is in signaling (Pazour and Witman, ing flagellar adhesion to activation of the pathway. (For
example, redistributing putative signaling complexes2003). For example, many of the neurons in brain contain
primary cilia, some of which express receptors for so- within the flagellar compartment during flagellar adhe-
sion might require IFT.) Similar experiments usingmatostatin and serotonin (Pazour and Witman, 2003).
Perhaps the most striking example of the importance CreLox or RNAi methods to disrupt the IFT machinery
in mouse tissues in which cilia already have formedof primary cilia in homeostasis comes from work on the
epithelial cells of the collecting tubules in the kidney. should make it possible to determine if a cilium or the
IFT machinery itself is required for Hh signaling.The primary cilium on each renal tubule cell functions
as a flow sensor both in vivo and in MDCK cells in vitro. Cilia-Related Diseases
Maturation of the IFT story has led to a much betterBending the cilium causes a large, transient increase in
intracellular calcium concentration and a consequent understanding of the role of cilia in normal physiology
and disease. What are now called “cilia related dis-alteration in potassium conductance (references in Bo-
letta and Germino [2003]). eases” include a group of disorders called polycystic
kidney disease (PKD) and another group called primarySeveral properties of cilia recommend them for use
as sensory transducers. They project a cell type-specific cilia dyskinesia (PCD). PKD is characterized by altered
differentiation and proliferation of renal and other epi-distance from the cell body, making them exquisitely
designed probes of the external milieu; both their overly- thelial cells. PCD, long known to be due to defective
ciliary motility, is associated with situs inversus, retinaling membrane and their cytoplasmic contents are rela-
tively well isolated from the cell body, thereby offering degenerative diseases, infertility, respiratory disorders,
and some forms of hydrocephalus. Several rare humanall of the advantages of compartmentalization; the ma-
chinery for their assembly makes possible rapid, regu- syndromes, including Senior-Loken syndrome, Jeune
syndrome, and Bardet-Biedl syndrome, also are charac-lated transport of proteins between the organelles and
the cell body; and, the assembly machinery seems ex- terized by combinations of the disorders listed above.
Importantly, some patients with these syndromes expe-ploitable for use directly in signaling pathways.
In fact, new studies implicate the IFT proteins in signal rience seemingly unrelated clinical problems, such as
obesity, hypertension, and increased risk for diabetestransduction during development. Huangfu et al. (2003)
reported that the IFT machinery has an essential role (Boletta and Germino, 2003; Pazour and Witman, 2003;
Rosenbaum and Witman, 2002). As shown in Table 1,in the vertebrate Sonic hedgehog signaling pathway.
Genetic analysis showed that the IFT machinery was mutations in proteins that function in basal bodies (the
centriole and the transition zone), the IFT machinery,required at a step downstream of the Hedgehog (Hh)
receptor and upstream of transcriptional targets of Hh. axonemes, the ciliary matrix, and the ciliary membrane
can lead to human disease.Since the embryos used in these experiments were inca-
pable of forming cilia and the cellular location of Hh Since Pazour et al. (2000) originally discovered that
disrupting the mouse homolog of Chlamydomonaspathway proteins is unclear, the simplest explanation for
the results that does not require invoking new, nonciliary IFT88 led to short renal cilia and polycystic kidney dis-
ease, the PKD disorders have almost all been shown toroles for the IFT machinery is that the Hh pathway re-
quires the presence of cilia (which are known to be be due to defects in the assembly or function of cilia.
The protein products of nearly a dozen PKD genes areon embryonic neuronal cells). For example, membrane
proteins in the pathway might be expressed or able to directly linked to cilia (Boletta and Germino, 2003). Inter-
estingly, most of the PKD proteins are not ciliary struc-function only on cilia.
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Table 1. Cilia/Basal Body Components and Proteins Implicated in Cilia-Related Diseases
Consequences of
Cilia/Basal Body Component Proteins Protein Defect Disease Organism
Basal body Centriole BBS4, 5, 8 Unknown BBS Human
Transition zone RP1, RP2, RPGR Abnormal cilia Retinitis pigmentosa (RP) Human
Fibrocystin Unknown PKD Human
IFT machinery kinesin II and IFT 88 Short or no cilia PKD; RP Mouse
Axoneme Dynein subunits: (DNAH5, Intact cilia; motility PCD Human
DNAH11, DNAI1) defects
Left-right dynein Intact cilia; motility Situs inversus Mouse
defects
Membrane/matrix Membrane Polycystin-1, -2 Intact cilia; sensory PKD Human
defect
Membrane/matrix Cystin Intact cilia PKD Mouse
NPHP1, 2, 3, 4 Unknown NPHP (Nephronophthisis) Human
Unknown OFD1 Unknown Oro-facial-digital Human
syndrome
Bicc1 Unknown PKD Mouse
tural components, but are ciliary membrane or matrix analysis of the axoneme of human cilia identified over
200 potentially axonemal proteins (Ostrowski et al.,proteins. For example, polycystin-1 and polycystin-2 are
hypothesized to form a ligand-regulated receptor chan- 2002). Several of the proteins were previously identified
as being in the axoneme, but many have no homologsnel complex in cilia that can activate signaling pathways
important in kidney tubulogenesis and may play similar or are of unknown function. Two studies in a recent
issue of Cell present elegant and novel comparativeroles in other cells (Boletta and Germino, 2003; Rosen-
baum and Witman, 2002). The relationship between cilia genomics approaches for identifying cilia/flagella genes.
Li et al. (2004) and Avidor-Reiss et al. (2004) took advan-and the cell proliferation and dedifferentiation that lead
to cyst formation is unclear, but that the absence of cilia tage of the idea that the ancestral eukaryote was ciliated
and that the organisms (e.g., angiosperms and gymno-leads to PKD must be reckoned with in any models put
forth to explain the disease. sperms) that have lost cilia and flagella (along with cen-
trioles and basal bodies) through evolution also lostExciting new studies on Bardet-Biedl syndrome (BBS)
are beginning to implicate cilia in this rare disease. Be- most of the more than 400–500 genes that are predicted
to be needed for forming and regulating the ciliary appa-cause obesity and other phenotypes that accompany
BBS are common, studying this disorder potentially will ratus. Li et al. subtracted the genome of Arabidopsis
from the shared genome of the ciliated/flagellated or-yield new insights into the cellular and molecular mecha-
nisms that underlie these phenotypes. Recently, Ansley ganisms Chlamydomonas and human. They identified
a flagellar and basal body (FABB) proteome that con-et al. (2003) showed that the BBS8 protein localizes to
ciliated structures, including the connecting cilium of tains 688 genes. Incorporating into their analysis the
genome of C. elegans, which has only nonmotile cilia,the retina. Analysis of kidney cells in culture showed
that BBS8 was present in basal bodies and was not part yielded a subset of the FABB proteome of 362 candidate
proteins that would be sufficient to assemble a nonmo-of the axoneme. Interestingly, BBS8 and another BBS
protein, BBS4, colocalized with the centrosome in some tile cilium. As measures of the success of their approach,
4 out of 6 known Chlamydomonas basal body genesmammalian cells. BBS4 also was present in structures
called centriolar satellites, which associate with basal (67%) examined were in the full FABB proteome and 52
out of the 58 known Chlamydomonas flagellar and IFTbodies. RNAi-mediated silencing of BBS4 led to disrup-
tion of cytoplasmic microtubule arrays, arrest in cell genes were present in the proteome (90%).
These workers also validated their approach by show-division, and apoptosis (Kim et al., 2004). In spite of
establishing a role for BBS proteins in cell division in ing that transcripts for 39 out of 103 genes selected
for examination were upregulated 3-fold or greater inhumans, Ansley et al. found that C. elegans homologs
of BBS1, BBS2, BBS7, and BBS8 were expressed only Chlamydomonas after flagellar excision. Furthermore,
using RNAi, they found that reducing expression of fivein ciliated cells, probably associated with basal bodies.
Moreover, the genes that encode the four BBS proteins out of six genes whose transcripts were not upregulated
after flagellar excision yielded cells with phenotypescontain a regulatory sequence present in numerous
genes expressed in ciliated neurons, suggesting that ranging from slowly swimming to paralyzed to lack of
flagella altogether. This, along with the observation thatthe DAF-19 transcription factor (which is essential for
cilia formation) controls their expression. Thus, we still three of the five RNAi strains exhibited cleavage furrow
defects, suggested that the nonupregulated proteomedo not know if mutations in BBS genes are manifested
through centrioles in their role in centrosomes or in their is enriched in proteins required for basal body function.
There is no doubt that the FABB proteome representsrole in basal bodies.
A Flagellar and Basal Body Proteome an incredibly rich resource. Two PKD genes and five
of the six previously identified BBS genes were in theNew proteomic and genomic studies may finally provide
a platform for discovery of most of the as yet unidentified dataset. Furthermore, one of the FABB gene homologs
in humans contained pathogenic mutations that cose-genes that encode ciliary/flagellar proteins. A proteomic
Minireview
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gregated with the BBS5 locus in four families with the be activated when it entered the flagellum and would
BBS5 phenotype. The novel protein encoded by this immediately begin to undergo a transit time-dependent
previously unidentified gene localized to basal bodies decay in activity. Flagellar length would determine
in mouse; its homolog in C. elegans, similarly to the whether the protein was still active when it reached the
other BBS genes, is under the control of the DAF-19 tip or the cell body, where it would interact with length
transcription factor; and its disruption by RNAi in Chla- enforcers, such as Lf4p or other Lf proteins. (2) Are there
mydomonas generates cells that are aflagellate and non-IFT mechanisms for transporting proteins, espe-
show cleavage furrow defects! cially membrane proteins, into cilia? Pan and Snell (2002)
Two proteins encoded by FABB genes stand out as reported that transport of flagellar adhesion molecules
particularly exciting candidates for further study in Chla- from the cell body to the flagella did not require kinesin II.
mydomonas—NPHP4 and a tubby superfamily member. Moreover, in certain worm and fly mutants with defective
Mutations in NPHP4 lead to a form of PKD called neph- IFT machinery, a truncated but recognizable distal por-
ronopthisis, the most common cause of renal failure in tion of the cilium still assembles onto the basal body
children (Boletta and Germino, 2003). Tubby mutant (in Rosenbaum and Witman, 2002; Avidor-Reiss et al.,
mice exhibit late onset obesity, neurosensory deficits, 2004). Perhaps another motility mechanism is buried in
and photoreceptor cell defects not dissimilar to those the new datasets. (3) How are the presence and function
observed in Bardet-Biedl syndrome (see references in of intact cilia and basal bodies connected to regulation
Li et al. 2004). of cell proliferation? Are centrioles the only link? (4) What
Avidor-Reiss et al. used a similar approach to identify signals are received by the primary cilia present on most
ciliary genes in Drosophila, incorporating the genomes mammalian cells and how are they transmitted to the
of several additional organisms into their analysis. Using cell body? Besides the few identified ciliary membrane
a large number of genomes provided stringent criteria proteins, what other receptor or channel proteins are in
and identified 187 candidate ancestral ciliary genes. Six- cilia, and how do they work?
teen are conserved in all ciliated organisms examined
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